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fa ≃ 1011− 1012GeV?????????????????????????????
???????????????????????????????????????
?????????????????????????????????? [15, 16]?
????????????? fa ∼ 1016 − 1017GeV????? [17]????????
???????ma ∼ 10−22− 10−17 eV?????????????????????


























??????????????? CERN Axion Solar Telescope?CAST??????
ma ≲ 0.02 eV?????????? gaγγ ≲ 0.66× 10−10GeV−1??????????
??????????????????? Axion Dark Matter eXperiment (ADMX)??
1.9µeV ≲ ma ≲ 3.65µeV????QCD????????????????????
???????????????????????????????????????

























































?????????????? U(1)H ????????? gaγγ ? 10 − 100????
??????????????????????????????????????







































• ??? (−, +, +, +)?????
• ?????????Mp = 1√8piG ?????????G?????????
• ?????????????H0 = 100h km/s/Mpc??????? h ≃ 0.67?
???


























??????????????????????????????? qf = (qLf , qRf )T
?f ???????????











10 ? 2? ?????
????????????θ → θ +∑f αf ???????????????????
????






























dn = (2.4± 1.0)θ¯ × 10−3e fm (2.9)
?????? [65]????????? |dn| < 3.0× 10−13e fm???????????θ¯
????????
|θ¯| < 1.3× 10−10 (2.10)
???????? [66,67]?CP?????????????????CKM?????















































































































??????????a = 0???????????????????????? θ?
????strong CP????????







































































????ρ???????????????n(ρ, 0) ∝ mumd e−8pi2/g2s?????????
?????m2D1 = g2sT 2(1+hf/6)???????????????????T−α, α ≃
7 + nf/3 + ...????????????????????????????????
dilute instanton gas????????QCD?????????????????QCD






















Ly ⊃ −λu(q¯LHu)uR − λd(q¯LHd)dR − λe(L¯Hd)eR + h.c. (2.20)
???????????????????????????????????????
???Hu?Hd?????????????????????PQ????H†dϵH∗u?
???????? [78]???????????Hd0 = eiθdρd/
√
















µ(v2uθu − v2dθd) + ... (2.21)





???????Y (Hu) = −12 , Y (Hd) = 12 ?????(v2uθu − v2dθd) = vuau − vdad??
?? Z?????????????????????? vuau+ vdad???PQWW?
??????????????? tan β = vu/vd???????
a ≡ au sin β + ad cos β = (θu + θd)vuvd
v
(2.22)
? PQWW???????????????????????? L = 1/2(∂µa)2??
???????? θu+ θd? 2pi???????? a→ a+2pinvW , n ∈ Z??????
??????????? vW ≡ vuvd/v????
??????????????muu¯LeiθuuR??????????????????
????????????????u? d????????????????????
14 ? 2? ?????
???????????????????????????aGG˜?????????
?????????????????????????U(1)EM??????????


























































































































???????????????????????????????? a/vW ∈ (0, 2pi)
?????QCD??????? a/fa = 3a/vW ?????????????????
????????????????????? CP????????? 3?????
??????????????????????????????????????




iTrλaλbQPQ, E = 2
∑
i(QEM)
2QPQ ?????????????NDW = N ????
2.2. QCD????? 15
PQWW??????????????????????????????????
???????????????????? fa = O(100)GeV??????????















k + h.c. (2.31)
??????????? k = 1, 2?????????? PQ???????????
PQ????? 2?????????Hu, Hd????????QΦ, QHu , QHd?????











PQ cos(kθΦ − θu − θd) (2.33)
??????k(aΦ/vPQ)− (au sin β+ad cos β)/vW ?????????????????
????





vPQ ≫ v?????????????? tan γ???????a ≃ aΦ???????
??????




















16 ? 2? ?????
????a/
√
v2Φ + (kvW )



















L = iψ¯Dµγµψ + |∂µΦ|2 − λ(|Φ|2 − v2PQ)− (yPQΦψ¯LψR + h.c.) (2.38)
???????Dµ??????????????????????????????
?PQ????Φ? 1?ψL? 1?ψR? 0????PQ?????????????PQ
?????mψ ∼ yPQvPQ?????????????

















??Yψ = −1/3????????E/N = 2/3????????????? PQ???












































µγ5ψ) + ... (2.42)
??????????????????????????????????????
???
Cap = −0.47(3) + 0.88(3)Cau − 0.39(2)Cad −Kah (2.43)





















18 ? 2? ?????
????????????????????????? [15,16]??????????
















?????-??????????? (horizontal branch (HB) stars)???????
????39????????? [86]????







gap ≲ 0.9× 10−9 (2.47)
??? [87]????????????????????????











???????????Light Shining through Wall?LSW????????????
???OSQAR?????????? [35]
gaγγ < 3.5× 10−8GeV−1 for ma ≲ 10−4 eV (2.49)
???????? 2.1?????????????????????????????
ALPS-II????????











?????????B = 9T?L = 9.3m?A = 30 cm2????????
gaγγ = 0.66× 10−10GeV−1 for ma ≲ 0.02 eV (2.51)
???????????? [46]????? 2.1??????????????????
????IAXO??????????????B = 2.5T?L = 22m?A = 2.3×104 cm2
?
gaγγ = 0.4× 10−11GeV−1 (2.52)
????????????? [47]?
20 ? 2? ?????





?????????Axion Dark Matter eXperiment (ADMX) ??????????
???? 1.9× 10? 6 eV < m < 3.65× 10? 6 eV????????QCD??????
????????????? [45]??????? 2.1???????????????
?????????????????ADMX [48]?CULTASK [49]?MADMAX [50]?
























ρ˙i + 3H(ρi + Pi) = 0 (3.3)
????????? Pi??????????
?????????????????Ωi = ρi/(3M2pH20 )????????????
??????ΩΛ ≃ 0.7?????????Ωm ≃ 0.3????Ωr ≃ 10−4????? [92]?
????????????????????ρΛ = const, ρm ∝ R−3, ρr ∝ R−4????
???????????????????????????????????????




























RiHi ≲ H0 (3.5)
?????????????????R0? 1??????????????????

























??????Sf = S0??????????????????????????3M2pH2f =
pi2g∗
30
















∇2φ+ V ′(φ) = 0 (3.8)
???????? g = −R6?????????????????????????
????????????? 3Hφ˙????????
???????










φ˙2 − V (φ) (3.11)
??????????????????









???????????????????? φ¨H−1 ≪ φ˙????(3.8)?























































































Pζ(k) ∝ kns−1 (3.22)
???????? nS?????????????????????????????
????????








































26 ? 3? ????????
???????????????????????????????????????
???????????????????????????





















Pζ ≃ 2.2× 10−9 (3.34)
ns = 0.968± 0.006 (3.35)
r < 0.11 (95%CL) (3.36)
????????????? [23]??????CMB???????? k∗ = 0.05Mpc−1
???????????
????Pζ ∼ 10−9??????(3.21)??










































?????C ?????????????? C ≃ 7.1 × 10−6??? [101]?????
?????????Γ/H ∝ T ?????????????????????????
???????????????????????????????Γ/H ≲ 1???
???????????????????????????????






???????????????????????? neqa (Td)/s(Td) = na(T0)/s0??
Ωtha h
2 ≃ 0.1× ma
130 eV
(3.43)
28 ? 3? ????????
???????????????ma????????????????thermal axion
??????????????????ma ≃ 130 eV??????????????
?ma = O(100) eV???????fa = O(10) TeV???????????? 2??
????????????????ma = O(100) eV?QCD???????????
???HDM?????????????????????????????????




























































???????QCD?????????? (a/fa ≲ 1)???????????? 2?
??????????






















ρ˙a = −3Ha˙2 + m˙amaa2 (3.49)
???????????????ρa?????????ρa = a˙2/2+m2aa2/2??????
???????????????????????????????H, m˙a/ma < ma?
??????????????? ρa = 〈a˙2〉 = 〈m2aa2〉????????? (3.49)?











????????QCD????????????????na,0/s0 = β na(Tosc)/s(Tosc)
???QCD??????????
Ωah









?????????? β???????????????????β = 1.85????
?????????????????ΩDMh2 ≃ 0.12??????θi = O(1)????
















30 ? 3? ????????
???????????? fa ∼ 1016 − 1017 GeV????????????????
?????
ma ∼ 10−22 − 10−17 eV (3.55)




H2osc ≃ H20 (ΩmR−3osc) (3.56)
???????(3.56)?Hosc ∼ ma???
ΩALPh
































PS ≲ 0.04Pζ (3.61)
?????????????? [106]??????????????????????
????????





















































32 ? 4? ????????????????????
???????????????
























, for i = 1, 2 (4.4)
??????????????????????????????????????













































??????????? m ≡ Λ2/f ?????????????????????
[24, 107,108]????????????
?????????? 2???????????????????????????
??? δ = pi???? ?????? (4.3)??????

















?M21 ≃M22 ≫ m2 > 0? n2 > n1 > 0???????????????




























34 ? 4? ????????????????????
? 4.1: ?????????????????????????Flat-bottomed???
??????????????????????
?????3?θ ≳ θT ??????????????????????????θ ≲ θT

































?????????????? [110]??? |V ′′|????????c????????
??????????????????????????????????????









?????????N∗?CMB???????? kp = 0.05 Mpc−1????????
??????????????????? e-folding??????? c???????
?????? tosc < treh??? c = 9/2????tosc > treh??? c = 5???????













????????? V ′/a > 0?????????????????????????
(4.16) ? (4.18)?????θosc ??????????????(4.2)? (4.3)?????
????????????????????




































































???????????????????????????Ωch2 ≃ 0.12 [111]???


















???θH ≲ O(1)? θ ≳ θH??????????????????????????
4.2. ???????? 37
?????????????? θ ≲ θH?????????????????????
















????????????θ∗ ≲ θc?????θosc????? θ∗?????????
θc ≲ θ∗ ≲ θH ?????θosc? θ∗???????????? θc ∼ O(0.1) θH ???
???
? 4.2???θosc ? θ∗ ????????????? n1 = 1?n2 = 2?N∗ = 60?
M1 = Hinf = 10
12GeV,?f = 1016GeV???????? θc ≃ 0.22?θH ≃ 0.82????
??????m = 0? c = 9/2?????????? (4.25)???????????
???????????????? (4.3)?????????? (4.9)???????
??????????????????????????????????????












































4(4.17)??????????????κ = 1/2??????? κ?? (???? κ = 1)??????
????????? θosc ???????? O(1)???????????????????θosc ???
????????????????????????????κ??? O(1)???????????
?????????????????????
38 ? 4? ????????????????????
? 4.2: θosc? θ∗?????????????????M1/Hinf = 1?n1 = 1?n2 = 2?
N∗ = 60???? ?????????? (4.25)???? ?????????????
?? ?????? (4.3)? (4.9)??????????????


















































???? kp = 0.05Mpc−1?????
PS ≲ 0.04PR (4.34)
????????????? [24]






























???????? Γ(ν)?????????? |V ′′(a∗)| ≪ H2inf ?????????
δakp ≃ Hinf/(2pi)???????????????????????????????























θ∗ = O(1)? ra = 1????????????????????????????
???????Hinf ≲ O(1011)GeV ???????
40 ? 4? ????????????????????
? 4.3: ?????????????θ∗???????????????n1 = 1?n2 = 2?
N∗ = 60?Hinf = 1012 GeV? f = 1016 GeV???????????????????
?????????????????????????M1 < 1011 GeV?M1 = 1012













































? 4.3??????????????∆2a,S ? θ∗???????????????
???????????Hinf = 1012 GeV, N∗ = 60???????????? f = 1016
4.4. ?????? 41
GeV? n1 = 1?n2 = 2????????????????????????????
??????????????flat-bottomed?????????????M1 < 1011
GeV?M1 = 1012 GeV?M1 = 1013 GeV?????????????????????
δN ?? [112–115]?????????????????????? θ∗???????
??????????????????θ = θT ?????e-folding????????
??????????????m = 109GeV5??????????????????




????????????????θ∗ > θH ???????????????????
??????????????????????????????????????
???????? ????????????????????? θH ???????






















































• ???????????????? (∆φ ≳Mp)????
• CMB????????????????????????????????f ≳
5Mp???????? [23]?


















































































Λ4, m2 ≡ (κ− 1)Λ
4
f 2










1− 3/N∗???????N∗? e-folding?????? ∗??????????????
?????????k∗ = 0.05Mpc−1????????N∗ < 50???????????



















≪ φmin ∼ pif (5.9)
???????e-folding???????????????????????????
???????????????????????????????????????

































nS(k∗) = 0.968± 0.006 (5.11)
dnS
d log k
(k∗) = −0.003± 0.007 (5.12)
???????????? [23]??????????????? d2nS/d(log k)2? 0
??????????? 0??????????????????????????
46 ? 5? ALP?????????????????















? 5.1: ???????????CMB??? (5.11)?(5.12)? 1σ? 2σ???????





?????????????2σ????????????−0.001 < d2nS/d(log k)2 < 0
???????????????nS ??????????????????(5.11)?
(5.12)???????????
?????????????? (5.5)?????????????????θ? κ− 1
?????????????????????????????n = 3?f = 107 GeV
????????????????????? f ????????????????
???????????????????????????? f ∼ 107 GeV????
??? 5.1??(κ, θ)?????? nS?????????????????????
????????? 1σ? 2σ?????????? θ ∼ 0.02(f/Mp)3???????























? 5.2: f = 107 GeV?????CMB?????????mφ? λ?
??????






φ2 + λφ4 + · · · (5.13)




??????????f = 107 GeV??????
0.03 eV ≲ mφ ≲ 0.1 eV (5.14)
5× 10−13 ≲ λ ≲ 7× 10−12 (5.15)
????????????????
?????????mφ? f ????????????????????????
????mφ = O(0.1)Hinf ?????????????????????? nS???
???O(0.01)????????????? θ???????????????mφ?
???????
m2φ ≡ V ′′(φmin) = |V ′(φmax)| ∼ |V ′′(φ∗)| ≃
3
2
|nS − 1|H2∗ (5.16)




λ = O(10−12)????????????????????????? 3M2pH∗2 ∼ λf 4
???????????????mφ ∝ f 2???????????????????
???????
























???????? 5.3??cγ = 1 (?), 0.1 (?), 0.01 (?)???????????mφ


































? 5.3: mφ − gφγγ ??????????????????????? ??? cγ = 1
(?), 0.1 (?), 0.01 (?)???????????????????????????




?ALP?????????????? a → γγ?????????????????














































ρ˙φ + 4Hρφ = −Γtotρφ






Γdec,γ + Γdis,γ (T < TEW)




ρφ|t=ti = V0 ≃
48
n2























?????TR????????TBBN = O(1) MeV????????∆NBBN < 1??
?????ξ ≲ 0.26??????????????????????????????
?????????ξ ≲ O(0.1)?????????????????



























gφγγ < 0.66× 10−10GeV−1 (5.32)
?????????
f/cγ ≳ 3.5× 107GeV





???????????????? φf = mφ/
√
2λ???????????????
52 ? 5? ALP?????????????????
??????????????????????????????????????
?????




























1 + zf ≳ 1× 105 (9× 105) (99.7%CL) (5.34)
??????????? [132]????????????






































??????????????? ξ ≪ 1??????????
???????????????????????????????? (5.19)??
??????????mφ = O(0.01) eV??????gφγγ ∼ 10−11GeV−1??????
??????????????????????? (5.30)????????????
????????????ξ ∼ 0.01????????????mφ = O(0.01) eV??
??????????????????????????????????????
????????????????


























































??f?????????????? 2σ????CMB??????? (κ, θ)? 100?
????????????−0.04 < (κ − 1)(f/Mp)−2 < 0.25?0 < θ(f/Mp)−3 < 0.08
?????f ? 106GeV < f < 5× 107GeV???? 5× 105 GeV????????
???????????????? 50?? (c2, cY )? 0 < c2 < 5,|cY | < 5?????
???????????????????????? (f,mφ, V0, c2, cY )??????
???????????????????????????????????????
ALP????Ωφh2??????????????????????C = C ′ = C ′′?
??10? 30???????????????
? 5.4? 0.08 < Ωφh2 < 0.16???????????????? δ = |cγ/cY |??
???????????????????????A,B,C?????? δ > 0.3,0.1 <
δ < 0.3, 0.05 < δ < 0.1?????????????? δ < 0.05?????????
??????????????????????????????????????





















? 5.5: zf???????????????????C = 10??????C = 30??
????????????SDSS (Ly−α) ?????????
???????c2 = 1, cY = −1/2??? δ = 0???????????CAST?HB
???????????????????????????????????????
?????????????????????????????




??????????gφγγ = (0.29± 0.18)× 10−10GeV−1?????????????
??????????













































??? (5.30)?????????????????????????????ξ ∼ 0.01
????????????mφ = O(0.01) eV??????????????????
???????????????????????????????????????
????????????????



























SU(5) = {U |U = 5× 5 complex matrix;U †U = 1; detU = 1} (6.1)
???????????? 5α (α = 1, ..., 5)????
5′α = Uαβ 5
β (6.2)
????????????? U ????????? TA (A = 1, ..., 24)????
U = exp(iTAωA) (6.3)
?????
58 ? 6? ???????????????QCD?????
? 6.1: ?????????
Field SU(3)C SU(2)L U(1)Y
Gauge fields GAµ 8 1 0
W aµ 1 3 0







u¯Ri 3¯ 1 −2/3































, A = 21, 22, 23 (6.5)
???????????τ(A−20)? 2× 2??????????














































5 = (3,1,−2/3)⊕ (1,2, 1) (6.8)
???????????????????????????????????????
5¯?????














10αβ = −10βα ∝ 5α15β2 − 5α25β1 (6.11)
???
10ab ≡ ϵabc(u¯R)c = (3¯, 1, −2/3) (6.12)
10ai ≡ qai = (3, 2, +1/6) (6.13)
10ij ≡ ϵij e¯R = (1, 1, +1) (6.14)
































p→ e+ + pi0????????????
τp ≳ 1.6× 1034 years (6.17)
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? U(1)H ??????? (A′Y µ, A′Hµ)?????????
L = −1
4























1− χ2 , A
′
Hµ = AHµ −
χ√
1− χ2AY µ (6.19)










Aµ = cosαA1µ − sinαA2µ (6.20)
AHµ = sinαA1µ + cosαA2µ (6.21)





















































































































































































?? χ(MZ) = 0.4????MG = 1017 GeV??????????????????
1 ????????????????????????????????????????????
????????????????? 1?????????????????























??????????????????? µ = 1016 − 1017.2GeV?????????































???????g2? g3?????? SU(2)L? SU(3)C ?????????gH ??
??????????????????????????????????????
µ = MZ ?????????? g′Y =
√
1− χ2gY ????????????????
??????? 6.2???α′−11 ? α−12 ?α−13 ???????????????????




???? χ(MZ) = 0.365??????????????MG ≃ 1016.5 GeV?????
?????????
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U(1)H????????????????????????? (Q, qH) = (0, 1)??
???????????????????













?????????????M0 = 1 TeV?gH(MZ) = 1.1?χ(MZ) = 0.365?????
????????????????????????gH(MZ) = 10−4??gH(MZ) = 1.1
??????????????????????????????????
??????? g′Y ????????????????????? gH???????
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(Ψ¯L,iΨL,i + Ψ¯D¯,iΨD¯,i) (6.38)
????????ΨL,i (ΨD¯,i)? 5¯???SU(2)L??? (SU(3)C???)????U(1)























































? 6.4? 6.5?????????????????????? χ?????????
???????????Nbi = 1, 3, 4??????????????? gH(MZ) = 0.2?





???????????????? χ(MZ) ≃ 0.37??????????????
?????????????????????SU(5)???????????????
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? 6.4: ?????????????????Nbi = 1, 3, 4??????????????
?????????????????????????? gH(MZ) = 0.2, χ(MZ) = 0.37
??????MV = 1 TeV????
????????Σ24?SU(5)?????????????????????????
〈Σ24〉 = diag(2, 2, 2,−3,−3)v24/(2
√
15), v24 ∼ 1017GeV (6.41)
????????????????
χ = −k0 v24
M∗
(6.42)
???????????????????????????M∗ ∼ 1018 GeV????
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yPQΦψ¯LψR + h.c. (6.47)





























? U(1)H ???? qY ? qH ?????????????????????


















Y µ + qHgHA
′
Hµ)ψ =
+ ψ¯γµ[(qY − qeff)gYAY µ + qHgHAHµ]ψ (6.52)













??????????????PQ??????? qY ? 0????????????
?????? χqHgH ??????????????? qeff ???? [141,153,154]?
??????????????????????U(1)H??????????????


















































??? χ? gH ??????????????????????????????
???????????????????????????????????????






































Case (i) : L ⊃ −
[√
2Φ(y1ψ5Lψ5R + yHψHLψHR) + h.c.
]









? 2???????????(i)??????ψH? SM????qH = 1??????ψ5
























???????????????????? α−15 (MG) = O(10)??????%??????????
????
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? 6.6: ??????????????????? χ(MZ) = 0.365, αs(MZ) = 0.1185,
Mt(pole) = 173.34GeV????????????? 1012 GeV??????
αs(MZ) = 0.1185??????????????????????? α′1?α2?α3??
?????6.2.2?????????1016.5 GeV??????????????????
??????????????? (i)? (ii)???? αH ?????????????
??vPQ = fa = 1012 GeV????????????mψ = fa = 1012 GeV??????
???Z?????????? gH ??????GUT??????????????
???????????????????
(i) gH(MZ) = 1.91 (6.62)
(ii) gH(MZ) = 0.92 (6.63)
??????
??????????????? χ? gH ??????????-???? gaγγ ?
???????????????????? 6.7???(i)? (ii)?????????
???????-?????? gaγγ???????????????????????


























???????????U(1)H??????KSVZ??????E/N = 8/3, E/N =
0?????????????????????????????????E/N = 8/3




−1) ≃ [−8.9954 + 0.8862x− 0.0255x2 − 0.00285x3] (6.64)
???????? x = log10(ma/eV)???????????? 5.0×10−10 eV ≤ ma ≤
0.1eV????
74 ? 6? ???????????????QCD?????
6.4 ??
U(1)H ??????????????????????????????????







5− 6, |gaγ′γ′|/gaγγ| ≃ 8− 9???????gaγγ′?????????????????
?????????????????????????????????? [156]??
???????????????? gaγγ ≤ O(10−9)GeV−1 [157]?????????
???????gaγγ ≤ O(10−10)GeV−1?????CAST?????????????























?????????ma ≳ O(10−3) eV?????????????? IAXO?????



















?ma ∼ 10−22 − 10−17 eV???????????????ma ∼ 100MeV??????
??????????????????????????????fuzzy dark matter











0.01 eV ≲ ma ≲ 1 eV, gaγγ = O(10−11)GeV−1
???????????????????????????????????????
??????????????????????????????????????









???????????? χ(MZ) ≃ 0.37????????????MG ≃ 1016.5GeV
???????????????????U(1)H ????????????????








??????????????????????????????ma ≳ O(10−3) eV
???????????????? IAXO???????????????????




























Aµ → UAµU−1 + i(∂µU)U−1 (A.1)
Fµν → UFµνU−1 (A.2)
??????????U(x)??????????????????????????
?????





















































































′θ′−nθ) 〈n′| e−Ht |n〉 (A.15)
A.2. θ?? 83
????????? q = n′ − n??????

































































































































































































































24λ2 − 3λ g
′2
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